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A graphical procedure is presented for distinguishing between possible mechanisms of

one substrate—one product enzymic reactions.

The conventional method for studying steady-state
kinetics of one substrate-one product reactions is to
measure the initial steady-state velocity in a reaction
mixture where no product is present at the beginning
of the reaction. If a plot of the reciprocal of this
velocity against the reciprocal of the initial substrate
concentration is linear, it is usually assumed that the
mechanism of Peller & Alberty (1959) applies (for
notation see below):

E+S =X =X = ...

However, such a plot is also consistent with Mechan-
ism II:

ki ki2
E+S /= X /— F+P
k_y k-2
ki3 .
F—//E (Mechanism II)
k-3

Further experiments to distinguish between these two
mechanisms are rarely performed.

One of the most useful methods for distinguishing
between possible mechanisms of enzyme action has
been the application of product inhibition studies
(see review by Cleland, 1970). However, the usual
methods of product inhibition studies cannot be
applied to one substrate~one product reactions, as
is shown below.

Notation

The notation used is as follows:

E: a particular conformational form of an enzyme.

F: a conformational form of the enzyme distinct
from E.

[Eol: total initial concentration of enzyme; this
includes all free species of the enzyme, but not com-
plexes with substrate or product.

X: enzyme intermediate; when several intermedi-
ates are involved in a mechanism, these are denoted
byxl! XZ: X&y e
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Pand [P]: product of a reaction and its steady-state
concentration.

[Po]: initial product concentration.

S and [S]: substrate of a reaction and its steady-
state concentration.

[So]: initial substrate concentration.

v: steady-state velocity.

vo: initial steady-state velocity when both substrate
and product are present in the reaction mixture at

Xi= ...=X,=E+P (Mechanism I)

the start of a reaction; I treat v, as positive when the
reaction goes in the forward (S — P) direction and
as negative when it goes in the reverse (P — S)
direction.

(vo)p1-o: initial steady-state velocity when product
is absent from the reaction mixture at the start of a
reaction.

(vo)is1-o: initial steady-state velocity when substrate
is absent from the reaction mixture at the start of a
reaction.

Avo = (Do)[nso —Vo.

k: velocity constant; when several velocity con-
stants are involved in a mechanism, these are denoted
by ki1, ko1, K42, k2, k43, ks ...

Further symbols are defined as they appear in the
text.

Product Inhibition Studies

In product inhibition studies the initial steady-state
velocity is measured when one of the products, as
well as the substrates, is present at the start of the
reaction (Alberty, 1958). For such studies it is con-
venient to plot the reciprocal of the initial steady-state
velocity against the reciprocal of the initial concen-
tration of one of the substrates in mixtures where the
initial concentrations of all other components are
held fixed. Wong & Hanes (1962) have stated that
such a plot is linear for mechanisms in which the sub-
strate, the concentration of which is varied, combines
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with only one enzyme species (free enzyme or enzyme
intermediate).

When a reaction yields more than one product, all
the negative terms in the steady-state rate equation
contain a common factor, which is the mathematical
product of the steady-state concentrations of all the
products of the reaction (Wong & Hanes, 1962).
Since, in product inhibition studies, only one product
is present at the start of the reaction, all the negative
terms in the steady-state rate equation disappear if
we replace the steady-state concentrations of the
substrates and products by their initial concentra-
tions. Thus the analysis of such reactions involves
initial steady-state equations that contain positive
terms only.

This method cannot be used for reactions in which
a single substrate is converted into a single product. If
only one product is formed in a reaction, the negative
terms in the steady-state rate equation do not dis-
appear when the steady-state concentrations of the
substrate and the product are replaced by their
initial concentrations. When the initial concentration
of product is held fixed, a plot of the reciprocal of the
initial steady-state velocity against the reciprocal
of the initial substrate concentration is non-linear,
even for mechanisms in which the substrate combines
with only one enzyme species.

Kinetic Analysis of One Substrate-One Product
Reactions

The steady-state rate equation for Mechanism I

can be written as:
P s1-72-[P]

V=P __ )

14851, A

K, K,
forn=1,2,3, ... (Peller & Alberty, 1959). V; and
K, are kinetic parameters obtained from experiments
in which only substrate is present at the start of the
reaction; V; is the maximum value of (vo)(p;-o that is
approached as [So] - «, and K; is equal to the
initial substrate concentration at which (vo)p1=0 =
Vs/2. The kinetic parameters ¥, and K, are analogous
to ¥; and K, and are obtained from experiments in
which only product is present at the start of the re-
action. Expressions for these kinetic parameters in
terms of the velocity constants of the mechanism are

given by Peller & Alberty (1959).

Cleland (1963) and Taraszka & Alberty (1964)
pointed out that the steady-state rate equation for
Mechanism II has an additional term in [S][P] in
the denominator, namely:

¥ [S]- 22 [P]
v @
1481, [P1 [SIIP]
K, K, K,
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where:
V.= k+2k+3[Eo]
5 kyatkas
_k-ykos[Ed]
Vo= ko1 +k_s
K. — (k1 +kys) (ks t+k-3)
: ki1 (ke2+ky3)
K. = (k_y+k+s)(keat+k-3)
i k_y(k-1+k-3)
K. = (k_y+keg) (ks +k-3)
w kir1k_;

Mechanisms I and II cannot be distinguished
between by measuring (vo)ge;=o0 OT (Vo)is1=0 because:
(i) if the product is not present at the start of the
reaction, eqns. (1) and (2) both simplify to:
(eo)er-o = o
10 Sol+ K,

(ii) If the substrate is not present at the start of the
reaction, eqns. (1) and (2) both simplify to:
Vp [Po]
, —_ = —
( 0)[8] 0 [Po]‘l‘Kp

(iii) the Haldane relationship (Haldane, 1930) for
both mechanisms is:

3

@

VK,
v, K,

where K.,. is the equilibrium constant for the overall
reaction S = P.

It is, however, possible to distinguish between
Mechanisms I and II by measuring v, at saturating
[So], since the steady-state rate equation for Mechan-
ism II contains, in the denominator, an [S][P] term
that is absent from the equation for Mechanism I
(Cennamo, 1969). From eqn. (1) it can be seen that:

lim vo =V, ©)

[Sol—

Keq. = (5)

whereas for eqn. (2):

lim o v
P S—
[Sel—» Ks . (7)
1+—Kw [Po]

In theory, therefore, if a plot of 1/v, (at saturating
[So)) against [Po] is linear, then the results are con-
sistent with Mechanism II; if v, (at saturating [So])
is independent of [P,], then the results are consistent
with Mechanism I. In practice, however, it may be
impossible to obtain measurements at sufficiently
high values of [S].

In the next section, I present a graphical procedure
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for analysing experimental values for a one substrate—
one product enzymic reaction when both substrate
and product are present at the start of the reaction.
With this technique it is possible to decide whether
steady-state results for such a reaction are consistent
with Mechanisms I or II. It also provides a simple
method for estimating the parameter K, of eqn. (2).

Graphical Method for Distinguishing Mechanisms I
and II

The method is based on eqns. (1) and (2). These
may be converted into a more convenient form by
introducing the term Av,, which is the difference
between (vo)p;=0 and v,. For eqn. (1):

— Ks {(Vs + Vp) [SO] + Vp Ks} [PO]

K, (K +[So])* + Ky (K +[So]) [Po]

and for eqn. (2):

Avo

®

A o Ks { Vs (Ksp + Kp [SO]) [SO] + Vp Ksp (Ks + [SO])} [PO]
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Estimation of the ParameterK,

Taraszka & Alberty (1964) estimated K, for the
reaction of fumarase (L-malate hydro-lyase, EC
4.2.1.2) from a rate equation similar to eqn. (2). Their
equation, which took into account the observed
activation of the reaction at high [S] and [P,] values,
was:

Vers1—Ve.
(s w) araisie, e

B [S]: [P1 [SP] [S]* [PP
1+—E+E+ o + K. +7{-;

14

where 0,, 0,, K,; and K,, are further kinetic para-
meters. To estimate K, they:

(i) obtained estimates of ¥V,, K; and 6, from
measurements of (vo)p;=0 and estimates of V,, K,
and 0, from measurements of (vo)s;=o; they then
inserted these values as constants in eqn. (14);

%0 = K, Kup (Ks + [S0)? + Kx (Ko + [So]) (Ksp + K, [SoD) [Po]

A plot of 1/Av, against 1/[P,] at a fixed [So] is linear
for both Mechanisms I and II.

Mechanisms I and II can, however, be distinguished
by analysis of plots of 1/Av, against 1/[P,] at various
[So] values. Variation in [S,] may affect the slope of
the line and its intercepts on the 1/[P,] axis and on
the 1/Av, axis. The simplest parameter to analyse is
the intercept on the 1/[P,] axis, I,. From eqn. (8)
I is:

K,

b= K &5 (10)
and from eqn. (9) it is:
_ Ks (Ksp + Kp [SO])
Ty =~ K Koy s+ 150D {an

For Mechanism I [eqn. (10)] one can see that a plot
of —1/I, against [S,] is linear:

— 7 =2 [Sol+ K, 12

whereas for Mechanism II [equation (11)] such a plot
is non-linear:

1 _ KKy (K, +[Se))
L~ KKy K [SoD

Thus we can conclude that:

@) if (—1/1,) varies linearly with [So], then the
results are consistent with Mechanism I;

(ii) if a plot of (—1/I,) against [Se] is non-linear,
then the results are consistent with Mechanism II.
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(i) treated K, and K, as infinitely large so that the
[Sol?/K;s and the [Po]*/K,, terms became negligible;

(iii) measured the initial steady-state velocity in
the presence of different initial substrate and product
concentrations; each set of values for v, [So] and
[Po] was substituted into eqn. (14) and the correspond-
ing value of K;, was calculated.

This procedure is cumbersome and any errors
incurred in estimating the parameters V,, ¥V, K;, K,,
0, and 6, lead to larger errors in the estimate of K;,
(Taraszka & Alberty, 1964).

By using an extension of the graphical procedure
described in the previous section, it is possible to
estimate K,,. This method is simpler and more
accurate than that of Taraszka & Alberty (1964).

A lower or an upper bound can be placed on the
magnitude of K;, by observing whether I, increases
or decreases with increasing [So]. The derivative of 7,
with respect to [So]:

dr, _ K, (K;p— K, K},) s
d [So] Kp Ksp (Ks + [SO])2
indicates that for all values of [S,], the slope of a plot
of I, against [S,] is:

(i) positive, if K;p>K;K)p,

(ii) negative, if K;,<K;K),

(iii) zero, if K;p = KKp.

A more exact estimate of K;, can be obtained by
converting eqn. (15) into a more convenient form by
introducing the term AZ,, which is defined by:

AL = p)xsyi=0—Ip (16)
13
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Avg

[Pol

(c)

Al 1/[Pol
Ko <KiK,
2&
1/[Sol

1/[Pg)

1/1S0}

1/al,

Fig. 1. Procedure for estimating K,

(a) A plot of v, against [Po] at a fixed [So]. This allows values of Av, to be computed for plotting Fig. 1(b).
(b) Plots of 1/Av, against 1/[Po] at a fixed [So]7#0 (——) and when [So] =0 (——--). This allows values of
Al to be computed for plotting Fig. 1(c). (c) Plots of 1/AI, against 1/[S,]. K;, is obtained by substitution into

eqn. (21) of:
(1) G, i.e. the slope of the line in Fig. 1(c);

(2) I,, i.e. the intercept made by the line on the 1/AI, axis in Fig. 1(c);
3) Upksgi-os i.e. the intercept made by the broken line on the 1/[P,] axis in Fig. 1(b).

When substrate is absent at the beginning of the
reaction, from eqn. (11):

Uagro=—3 an
Hence:
Alp _ (Ks Kp - Ksﬂ) [SO] (1 8)

B Kp Klp (Ks + [SO])

A plot of 1/AI, against 1/[So] is thus linear. The slope
of the line (G’) and the intercept on the 1/Al, axis
(1,) are:

_ KKK,

G = K.K,—K, 19
and
’__ Kp Ksp
I,= KK,—K, (20)
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By using eqns. (17), (19) and (20), one can readily
calculate K;, from eqn. (21):

__ v

# 1=, ()sg1-o

The procedure for estimating K, is illustrated in
Fig. 1.

1)

Concluding Comment

This graphical procedure is much simpler than the
treatment described by Taraszka & Alberty (1964).
Unlike the method of Cennamo (1969), it should be
useful even when it is not possible to obtain suffici-
ently high initial substrate concentrations.
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